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Fig. 2. Schematic representation of aflnity precipitation
enzymes. Necessary requirements include: (i) the enzyme must contain more than one ligand binding site; (ii) the bis-ligand should have strong affinity for the enzyme; (iii) the spacer connecting the two ligand entities should have sufficient length to cover the distance between two ligand binding sites situated on different molecules.
AfRnity precipitation has been applied to several dehydrogenases such as lactate dehydrogenase, yeast alcohol dehydrogenase and glutamate dehydrogenase. Affinity precipitation of lactate dehydrogenase on a preparative scale from a crude extract is an easy procedure that rapidly yields pure enzyme (S. Flygare, T. Griffin, P.-0. Larsson & K. Mosbach, unpublished work) .
Affinity precipitation of enzymes resembles immunoprecipitation, i.e. the aggregation of antibodies and antigens. Immunological techniques such as immunodiffusion in agar gels (Ouchterlony test) can also be applied to enzymes-bis-ligands. It was shown that when lactate dehydrogenase and bis-NAD were allowed to diffuse towards each other in an agar gel containing pyruvate, a precipitation band was indeed formed. Modification of the agardiffusion technique allowed semiquantitative estimation of the amount of enzyme or of bis-NAD in samples of unknown composition.
Conclusions
H.p.1.a.c. is a technique that allows rapid separation and analysis of enzymes, antibodies and other molecules of biological significance. Although the most obvious advantages of the techniques are to be found in analytical applications, preparative enzyme purification could also benefit from the fast separation possible.
Magnetic-affinity technique provides means for simple and rapid isolation of, e.g., enzymes from crude extracts. This should be especially desirable if the molecule to be isolated is unstable, or if the extract is viscous or contaminated with solid particles, which would make purification by column techniques difficult.
Affinity precipitation is a technique that can be used both for analytical (qualitative as well as semi-quantitative) and preparative purposes. Affinity precipitation should in principle be applicable to all enzymes and other macromolecules containing more than one ligand-binding site. A special area of application would be topographic and related studies of macromolecules. By varying the length of the spacer of the bis-ligand and observing for which spacer lengths aggregation/precipitation occurs, a measure would be obtained of the depth of the crevice where the ligand binding site is situated or of the distance between sites. Affinity precipitation could also be imagined to serve as a method for reversible immobilization of macromolecules. Biospecificity in a protein-ligand interaction is relatively easy to establish when both components are in free solution, for one can then invoke a battery of tried and tested methods involving biospecific function (e.g. enzyme kinetics, equilibrium binding) or physico-chemical detection (e.g. spectroscopy). When one of the interacting components is in the solid phase, establishing biospecificity is much more difficult. This problem is central to affinity chromatography, since the assumption of biospecificity in adsorption is widely made. It is an acknowledgement of the uncertainty of this assumption in many cases that biospecific desorption (biospecific elution) is the preferred method of elution. Biospecific desorption uses the interaction of the protein with its free ligand to desorb the protein from the column. Nevertheless, it is probably true to say that, for most users of biospecific purification methods, the overriding preoccupation is still with maximizing biospecificity in adsorption, and biospecific desorption is only used as a secondary 'insurance'. In the present paper I wish to present some thoughts and experimental results on taking the .alternative approach to biospecificity, i.e. detachment or disengagement from preoccupation with biospecificity in adsorption, and total reliance on biospecitlc desorption to achieve a high degree of purification.
It will be instructive to begin by reconsidering the ways in
,.---
Fig . which an adsorbed protein can be desorbed by elution with its free ligand. Some of the more likely possibilities are the following.
(1) Strictly competitive (as opposed to 'accidental'; see below) desorption, in which the free ligand competes with a structurally analogous immobilized group for the same specific site on the protein. This is the mechanism assumed in affinity chromatography and implies a high degree of biospecificity in adsorption.
(2) Electrostatic desorption. Here the adsorbent is essentially a non-biospecific ion-exchanger and the protein is adsorbed weakly (i.e. its net charge is small). Interaction of the protein with a charged ligand of the same sign. as the adsorbent will effectively desorb the protein. 'his mechanism is -wellestablished, and its use predates the upsurge in a n i t y chromatography of the past decade (Pogell & Sarngadharan, 1971; Scopes, 1977) .
(3) Desorption by conformational change. A non-biospecific adsorption site on the protein is deformed by a conformational change initiated by ligand binding at a distinct biospecific site.
(4) Desorption from a non-biospecific adsorbent by 'accidental' competition. A non-specific adsorption site on the protein is occluded by the binding of the ligand. The adsorption site may be regarded as having a degree of biospecificity to the extent that it overlaps the ligand-binding site. However, the degree of overlap is variable (see Fig. Ic ) and the occlusion may involve no biospecificity at all (see Fig. Id) .
Some years ago I reasoned that if we used an adsorbent with a large number of mixed, individually weak adsorption foci (e.g. anionic, cationic and hydrophobic groups), there should be a reasonable chance of effecting biospecilk desorption of any given protein, since any or all of the above mechanisms could occur. Some of the adsorbents already in use, notably those based on dyes, might be expected to meet our requirements. Other adsorbents could be very simply synthesized, since all we need is an immobilized mixture of groups capable of interacting with surface features of proteins. On account of the random distribution of immobilized groups, there will be a finite probability of small clusters of groups capable of simultaneous interaction with the same protein molecule; such multivalent adsorption would increase with the density of immobilized groups and is well-established (Jennissen, 1976) . Thus a heterogeneous collection of possible adsorption sites might be expected. Some consequences of the use of such columns for adsorption and biospecific desorption are as follows. (a) Adsorption would be essentially non-biospecific. As in other non-specific forms of adsorption, the uptake of any given protein will depend on the types and amounts of contaminating proteins present, and preliminary partial purification may be necessary in individual cases. (b) On account of the heterogeneity in adsorption sites, different 'faces' of the protein will be adsorbed. In general, only a fraction of these will be affected by any or all of the biospecific-desorption mechanisms listed previously.
Biospecific recoveries of 100% will therefore be rare. (c) The efficiency of biospecific desorption will vary both with the adsorbent ,and with the required. protein, and will not be predictable. In our laboratory-we have adopted an empirical approach to the use of such columns that has met with considerable success. To isolate any given protein, we first perform small-scale 'sighting' experiments with four or five mixed-function adsorbents, from which we select the most promising for optimization and scaling-up. By this approach we have devised rapid purification schemes, based on substratespecific desorption, of aspartate transcarbamoylase from wheatgerm (Yon, 1981) , ornithine transcarbamoylase from wheatgerm and from cultured carrot cells, malate dehydrogenase from wheat-germ, lactate dehydrogenase (M,) from rat liver and 2,4-dichlorophenol mono-oxygenase from Acinetobacter (P.
Kyprianou, S . Baker, C. Pritchett, M. Weight, C. Beadle, A. R. W. Smith and R. J. Yon, unpublished work).
Since the above discussion makes assumptions about the biospecificity of adsorption and desorption, it was appropriate to investigate these factors, and we have done so in a few cases. Some experiments with wheat-germ aspartate transcarbamoylase (in which we have an independent research interest) and two mixed-function adsorbents will be described.
The adsorbents are 10-carboxydecylamino-Sepharose (10-CDSepharose; formed by CNBr-coupling of 1 1-aminoundecanoic acid to Sepharose 4B; see Cuatrecasas, 1970 ) and the immobilized triazine dye adsorbent, Cibacron Blue F3GA-Sepharose (marketed by Pharmacia as 'Blue Sepharose'). By using the substrate carbamoyl phosphate as desorbing ligand it seemed a priori that these columns would adsorb the enzyme essentially non-specifically, since the immobilized groups bore little or no structural resemblance to carbamoyl phosphate. There is a smdpossibility that the binding site for the feedback EfAuent volume (ml) Fig. 2 . Frontal-elution chromatography of extracts of wheatgerm containing aspartate transcarbamoylase with columns of 10-CD-Sepharose (a) and Cibacron Blue-Sepharose (b) Small columns (1 ml) were loaded continuously, at a flow rate of 0.1 ml/min, with extracts containing enzyme activity at the level shown by ----. The buffer was 0.01 M-Tridacetic acid, pH 7.3, in both cases. Protein concentrations in the samples were 8mg/ml for curve 1; 0.6mg/ml for curves labelled 2 and 0.02mg/ml for curve 3. The extracts contained 1 mM-L-aspartate (0) or 1mM-D-aspartate (0). I" is the column volume. The experiment was performed at room temperature.
inhibitor UMP (Yon, 1972) might specifically bind the blue dye;
for reasons that will not be detailed here, this is considered unlikely. To test the assumption that the columns have no specificity directed at the carbamoyl phosphate-binding site, the columns were frontally eluted with wheat-germ extracts containing the same concentration of enzyme activity but different amounts of contaminating proteins. In each case, duplicate experiments in which the extract contained either L-aspartate (the second substrate) or D-aspartate (as a control) were Blue-Sepharose Unless otherwise stated, conditions were as for Fig. 2 . Loaded protein concentration was 0.6mg/ml in (a) and 0.02mg/ml in (b), of which the enzyme comprised approx. 0.002mg/ml. For each adsorbent, three identical columns were loaded to approx. half-saturation with enzyme, then washed with buffer containing 1 mM-Na,SO,. Thereafter individual columns were eluted, beginning at A, by buffer in which Na,SO, was replaced by ImM-carbamoyl phosphate (0), ImM-P, (A) or ImM-2-glycerophosphate (a). Finally all columns were 'purged', starting at B, with 0.1 M-glycine/NaOH, pH 10. performed. The elution profile in frontal chromatography (i.e. continuous development with the extract) indicates both column capacity and adsorption affinity (Nichol et al., 1974) . The results are presented in Fig. 2 . Both column materials adsorbed the enzyme, and in both cases the capacity for the enzyme diminished with increased concentration of contaminating proteins. Additional tests (results not shown) suggest that virtually any contaminating protein has this effect, i.e. adsorption sites are non-specific. 10-CD-Sepharose adsorbed the enzyme strongly in the face of a much higher level of contaminating protein than was the case for Blue Sepharose, indicating a higher affinity of the former column for the enzyme. The introduction of L-aspartate was meant to detect any VOl. 9 functional resemblance of column groups to carbamoyl phosphate. The enzyme binds its two substrates, carbamoyl phosphate and L-aspartate, in an obligatory order, with carbamoyl phosphate leading (Grayson et al., 1979) . If column groups are sufficiently similar to carbamoyl phosphate, the enzyme should be adsorbed more tightly in the presence of L-aspartate, owing to the 'locking-on' effect (O'Carra, 1978). Since no difference could be seen in the elution profiles containing L-and D-aSpartate (Fig. 2) , it is concluded that (a) the column groups do not resemble carbamoyl phosphate sufficiently to elicit the ordered-binding effect, and (6) column groups do not resemble L-aspartate. Both columns are therefore essentially non-biospecific in their adsorption of the enzyme.
Carbamoyl phosphate has been shown to desorb the enzyme from a variety of mixed-function adsorbents, and evidence has been obtained to show that desorption is biospecific, i.e. involves the catalytically-significant enzyme-substrate complex (Yon, 198 I) . Part of the evidence depends on comparing the desorbing capabilities of carbamoyl phosphate, P, and 2-glycerophosphate with their dissociation constants determined from steady-state kinetic and inhibition studies. These constants are 0.03 mM, I.OmM and 20mM respectively (Grayson et at., 1979) . If desorption is biospecific, these compounds should be effective in the same order as their enzyme-ligand aftinities, i.e. carbamoyl phosphate > P, > 2-glycerophosphate. This expectation is confirmed for both adsorbents by the results shown in Fig. 3 . However, the weaker ligands, P, and 2-glycerophosphate, were more effective in desorbing the enzyme from Blue Sepharose than from 10-CD-Sepharose; this was also true for carbamoyl phosphate at a much lower concentration (1 p~) .
Thus the adsorbent that binds the enzyme with lower affinity is also most responsive to biospecific desorption, in agreement with a theoretical prediction (Yon, 1980) . It seems appropriate in the context of the present Colloquium to consider the relevance of this work to 'mainstream' affinity chromatography. Biospecific desorption is widely practised in 'aftinity' chromatography, and in the absence of firm evidence to the contrary, purifications are just as likely to be due to mechanisms (2)-(4) above as to mechanism (1). It is unfortunate that, after the initial (and still widely quoted) unambiguous definition of affinity chromatography by Cuatrecasas et al. (1968) , the term has come to be used much more loosely; the literature contains many examples of 'affinity chromatography' in which the only certain biospecificity is in desorption, and biospecificity is adsorption is merely assumed. Certainly the time seems overdue for renewed consideration of the meaning we give to this term, and the title of the present Colloquium reflects, I hope, a willingness to come to grips with this problem.
Affinity chromatography provides an elegant and efficient method for the extensive purification of an individual protein from a complex mixture (Lowe & Dean, 1974) . In general terms such chromatographic systems employ enzyme substrates, inhibitors or cofactors, or sub-structures of these, as ligands immobilized on agarose beads. Although purification of an individual protein, often to homogeneity, has frequently been achieved on a laboratory scale and the ligand-agarose matrices have proved valuable in enzyme-kinetic and mechanistic studies, scale-up of analytical and laboratory purifications to the industrial or commercial size has proved difficult. Fig. 1 . The uses of many of these dyes in affinity chromatography for protein purification (Dean & Watson, 1979) , the development of chromogenic substrates (Ewen, 1973) , affinity electrodes (Lowe, 1979), active-site probes and affinity labels (Clonis Br Lowe, 1980) and other systems are well documented in a recent review (Lowe et al., 1980) .
For large-scale affinity chromatography, triazine dyes linked to agarose beads, or indeed other matrices, have enormous advantages over conventional affinity-ligand systems. The dyes themselves are extremely inexpensive; the coupling procedure is both rapid, simple and does not involve the use of toxic chemicals; the chemical stability of the triazine dye-agarose conjugate is excellent and matrices can be stored over many months with little loss in protein-binding capacity, and the matrices are re-usable over many applications (Atkinson & Harvey, 1978) . In addition, these matrices are far more stable to biodegradation than conventional affinity matrices, which are susceptible to both 'fouling' by unwanted lipid and protein and degradation by proteinases, nucleotidases, phosphatases etc. found in most crude cell extracts or cell homogenates.
Direct formation of an ether link between the triazine ring and the hydroxy groups of agarose can be achieved either by the method described by Baird et al. (1976) or by Atkinson &
